Externally heated rotary kilns are the most appropriate furnaces to dispose of solid wastes using pyrolysis reactions. The goal of this study was to improve heat transfer in externally heated rotary kilns for waste pyrolysis. We experimentally evaluated the overall heat transfer coefficient k m-w as it is an important property of heat transfer. The model wastes were pyrolyzed using an externally heated batch-type rotary-kiln pyrolyzer. Six pairs of thermocouples were attached to the inner and outer surfaces of the drum wall to measure the radial heat flux through it. The heat flux q m was calculated using the radial temperature gradient in the wall. k m-w was calculated using the formula, k m-w =q m /AdT, where A is the internal surface area of the wall, and dT is the difference in temperature between the inner surface of the wall and the wastes. q m and dT had the highest values when pyrolysis began. However, k m-w had the lowest value when pyrolysis began and rose with an increase in waste temperature. When the mean temperature of the kiln's inner wall was 555 °C, k m-w rose from 22 W/m 2 K to 55 W/m 2 K. Consequently, a higher k m-w appeared closer to the end of the drum in a continuous-type kiln.
Introduction
Gasification melting systems for municipal wastes use burnable gas and char, which are produced by the pyrolysis of waste in the systems, as a heating source to pyrolyze waste and melt ash. They have one advantage in that their generation efficiency is higher than that of conventional incinerator systems. Therefore, they have been introduced as next-generation systems in Japan. Rotary kilns, fluidized-bed furnaces, and shaft furnaces are generally selected for waste pyrolysis. Rotary kilns are thought be the most advantageous. Their first benefit is that their operation is easier to control than that of fluidized-bed furnaces. Their second benefit is that the subsidiary materials for gasification such as coke, limestone and oxygen, which are necessary in shaft furnaces, are not used in rotary kilns. The third benefit is that the calorific value of pyrolysis gas and char is higher than that obtained in the other systems because rotary kilns are externally heated.
It is necessary to improve heat transfer from the kiln wall to the waste in externally heated rotary kilns when the required heat value increases, caused by fluctuation in quantities and properties of wastes. The path of heat transfer in a kiln is generally conduction through the inner wall of the drum, radiation from the opposite wall, and convection from pyrolysis gas. We call their sum the total heat transfer and we call the heat transfer coefficient from the inner wall to the waste the overall heat transfer coefficient. The overall heat transfer coefficient is an essential constant for evaluating the heat transfer in kilns and their design. In past studies, the heat transfer coefficient has been calculated using modeling approaches (1) - (3) . However, it was difficult to simulate the temperature profile and pyrolysis phenomena using a constant value as the heat transfer coefficient because the waste was changing in volume and properties during the process of pyrolysis. In addition, the influence of the kiln's internal structure and its rotating speed on the heat transfer coefficient was not quantitatively evaluated.
In this study, we tried to experimentally measure the overall heat transfer coefficient to the waste from the kiln. The results should be applied to examine methods for improving heat transfer in externally heated kilns used to pyrolyze waste. 
Subscripts
1 : inner surface of inner cylinder 2 : outer surface of inner cylinder g-m : from gas to inner cylinder in : input by heating gas loss : loss from insulator m : inner cylinder m-w : from inner cylinder to waste out : output by heating gas w : waste
Experimental Method

System Flow of Experimental Apparatus
The system flow for the experimental apparatus is outlined in Fig. 1 . This apparatus consisted of a pyrolytic kiln, a heating gas supply unit, and a pyrolysis gas treatment unit. The pyrolytic kiln was externally heated using the combustion exhaust of natural gas. The temperature and components of the exhaust gas were measured to evaluate the heat balance. The pyrolysis gas generated in the pyrolytic kiln was completely burnt after the flow rate was measured.
Structure of Pyrolysis Reactor
The structure of the pyrolysis reactor is outlined in Fig. 2 . This apparatus consisted of a hopper, a screw feeder, an inner cylinder, a heating gas jacket, and a gas duct. The inner cylinder was made of SUS310S steel with a thickness of 25 mm, an inside diameter of 1 m, and a length of 1.5 m. The outer circumference had a heating gas jacket, and the gap to the inner cylinder was 34 mm. The outside of the heating gas jacket was surrounded by an insulator that prevented heat loss. The hopper had a nitrogen purge mechanism and it could hold enough waste for one process batch. An insulation cover was installed at the end of the screw feeder to prevent countercurrents of pyrolysis gas and heat loss after the waste was transported to the inner cylinder. When the waste was fed in, the feeder was moved forward, and a gap was formed between the insulation cover and the inner cylinder. The inner cylinder was purged with nitrogen gas beforehand so that the waste did not burn when it was fed in. The feeder was moved back after feeding was finished. An insulated end plate was installed in the gas duct to prevent char outflow and heat loss. After the experiment, the inner cylinder was opened by removing the gas duct, and its internal state was observed.
Measuring Method for Overall Heat Transfer Coefficient
There is no established method for measuring the overall heat transfer coefficient to the waste from the inner cylinder. We assumed that the heat flux radially passed through the Figure 3 shows measuring points of temperature. The inner cylinder was divided into three sections to take axial heat loss into consideration. The cylinder inside and outside temperatures, the waste temperature, the pyrolysis gas temperature, and the insulator temperature were measured at the center of each of the three sections. Thermocouples installed in the turnable inner cylinder were passed through a slip ring to get temperature signals. The thermocouple tips had to be inserted in the material bed during the experiment to measure the waste temperature. The temperature that was measured 60 mm from the inner wall surface was compared with that measured at 90 mm based on the depth of the char bed at the end of the experiment, which was about 110 mm. The results are plotted in Fig. 4 . Temperature trends at the 60 and 90 mm points were almost the same, and their difference was less than 10 °C except when feeding in the wastes. Therefore, the waste temperature was measured 90 mm from the inner wall in our series of experiments.
The radial heat flux near the outer surface of the kiln differed from that near the inner surface, because the outer surface was surrounded by exhaust gas which had a constant temperature while the inner surface made contact with the waste whose temperature changed during the experiment. In addition, the radial heat flux in the kiln wall was influenced by axial heat loss in the inner cylinder. The temperature difference between the two points that are closest to the inner surface must be used to accurately calculate the heat flux from the inner cylinder to waste q m-w . The wall thickness was divided into ten layers as shown in Fig. 3 and a three-dimensional steady heat analysis using the temperature values that were experimentally obtained (T 1 , T 2 ) and the thermal conductivity of the wall material was made to estimate the temperature gradient in the wall. Finally, the heat flux from the inner cylinder to wastes q m-w was determined with Eq. (1) using T 1 and T m2 , i.e., the temperature of two of the nearest layers to the waste.
Evaluation of Heat Balance
The outside heat balance of the inner cylinder was estimated by using Eq. (3) in all the experiments to check the experimental reliability. The outer wall temperatures, T m9 and T 2 , shown in Fig. 3 were used to calculate the amount of heat transfer from the heating gas to the inner cylinder, Q g-m . The heat loss from the insulator of the heating gas jacket, Q loss , was calculated using the temperature of all measurement points in the insulator. The input heat Q in , and the output heat Q out , of the heating gas were obtained by using the heating gas flow rate, temperature, and gas composition.
Composition of Simulated Wastes
Simulated wastes were used to allow the experimental results to be compared between experiments. The dry-basis of each raw material is listed in Table 1 . Before the experiments, water was added to make the moisture content account for 10 % of the wastes. This moisture content was based on the mean value measured at the dryer exit and the pyrolytic kiln inlet in an actual plant. Grain was used to simulate household garbage. Derivative thermogravimetric analysis was done using the Shimadzu TG-40 in a nitrogen atmosphere for all materials.
Experimental Results
Pyrolysis Characteristics
The results of the thermogravimetric analysis of all raw materials are plotted in Fig. 5 . Grain, paper, and wood began pyrolysis at about 250 °C and this had almost finished at 380 °C. The temperatures where the thermal reduction rate reached a maximum were different; they were about 300 °C for grain, about 355 °C for paper, and about 370 °C for wood. Polystyrene, which is a thermoplastic resin, began pyrolysis from about 380 °C, and the thermal reduction rate peaked at about 435 °C. Both polypropylene and polystyrene began pyrolysis at more than 420 °C and their pyrolysis had almost finished on reaching 500 °C.
Temperature Characteristics
In the series of experiments, the inner cylinder was heated to a predetermined temperature before wastes were fed in. Heating of the kiln was stopped when production of pyrolysis gas was not detected. The temperature changes at the main measurement points from the start of heating to the end of pyrolysis are plotted in Fig. 6 . The heating gas temperature was first maintained at 800 °C to shorten the preheating time and was then set to 700 °C when the inner cylinder temperature reached 600 °C. When the gas temperature at the exit of the heating gas jacket stabilized sufficiently, wastes were fed into the kiln. The thermocouples indicted a high temperature for the wastes and the pyrolysis gas due to the empty space inside the kiln before wastes were fed into it. The wastes and pyrolysis gas reached their actual measured temperatures 6 min after being fed in. Immediately after the wastes were fed in, the temperature of both surfaces of the inner cylinder fell by 60 °C. The surface temperature rose again when wastes were heated at 450 °C. Finally, the waste temperature rose to 460 °C 30 min after being fed in.
The relationship between the temperature of wastes and the rate at which pyrolysis gas was generated is plotted in Fig. 7 . The pyrolysis gas product rate had three peaks. According to the results of thermogravimetric analysis in Fig. 5 , the second peak that appeared from 200 °C to 380 °C was thought to have been caused by the pyrolysis of grain, paper, and wood. Similarly, it would appear that the third peak was caused by the pyrolysis of polyethylene, polypropylene and polystyrene. Consequently, the first peak was attributed to the vaporization of water contained in the wastes.
Heat Balance
The trends for all terms in Eq. (3) are shown in Fig. 8 . The amount of input heat Q in minus that of output heat Q out and heat loss Q loss we measured was almost equivalent to the amount of heat transfer to the inner cylinder from heating gas Q g-m . The Q g-m value was lower than that of Q in -Q out -Q loss just after feeding and 35 min later. This was attributed to the unstable radial heat transfer in the inner cylinder.
Heat Flux and Overall Heat Transfer Coefficient
The upper limit for the heating gas temperature reached with this experimental apparatus was 800 °C, and the mean temperature of the inner cylinder surface was 630 °C. On the other hand, the mean temperature of the inner cylinder surface reached 555 °C when the heating gas temperature was 700 °C. The temperature difference between T 1 and T m2 is plotted in Fig. 9 and the heat flux calculated with this difference is plotted in Fig. 10 for these cases. These values were obtained by calculating the weighted average for the temperatures measured in each of the three sections, L 1 -L 3 , and their heat transfer area. The temperature difference between T 1 and T m2 reached a maximum just after wastes were fed in and was about 6.5 °C in the 555 °C case. In this case, the heat flux q m was about 11 kW/m 2 . However, in the 630 °C case, the temperature difference was about 8.5 °C and the heat flux was 16.5 kW/m 2 at a maximum. The temperature difference became zero 40 min after wastes were fed in. This was because pyrolysis which is an endothermic reaction ends at this time. The trend in the temperature difference between the inner wall surface and the wastes is plotted in Fig. 11 . The temperature difference was also highest just after waste feeding. It was about 450 °C when the mean temperature of the inner surface of the inner cylinder was 555 °C, and it was about 520 °C when the mean temperature was 630 °C. These temperature differences decreased as the waste continued to be pyrolyzed. The relationship between waste temperature and the overall heat transfer coefficient k m-w are plotted in However, radiation heat transfer may increase because the ratio of area of the emitting bare inner surface of the cylinder to that of absorbing waste surface increased as volume occupancy of wastes was reduced. There was also a possibility that emissivity of the bulk waste layer would increase as a result of pyrolysis. We thought that the overall heat transfer coefficient k m-w changed due to these overall influences.
Conclusions
The results obtained in this study are summarized as follows: (1) Overall heat transfer coefficient k m-w to the wastes from the inner cylinder was measured during their pyrolysis in a batch-type rotary kiln. It was verified that there was no heat loss which influenced reliability of the experiment by checking the heat balance of the whole apparatus. (2) We clarified for the first time that the overall heat transfer coefficient k m-w was not constant and it rose with an increase in the waste temperature during the pyrolysis process. This behavior remained unchanged independent of the heating temperature of the inner cylinder. 
